The effects of semen extender components on the ability of stallion sperm to bind to the zona pellucida (ZP) and the suitability of using bovine ZP for a ZP-binding assay for stallion sperm were investigated in a series of experiments. In Experiment I, binding of stallion sperm to both bovine and equine ZP was significantly increased when a skim milk-based extender (EZM) was used. In Experiment II, a threefold increase in sperm binding to ZP was observed when sperm were diluted in EZM compared with diluents, which contained no milk (TALP, LAC, and EmCare). In Experiment III, centrifuging the sperm through Percoll did not increase sperm binding to the ZP but did remove any positive effect of EZM on sperm-ZP binding. In Experiment IV, exposure of either sperm or ZP to EZM before co-incubation did not increase sperm binding to ZP. In Experiment V, sperm diluted in TALP containing skim milk, EZM, or INRA96 bound more efficiently to the ZP than sperm diluted in TALP without milk proteins. In Experiment VI, sodium caseinate, native phosphocaseinate, and caseinoglycopeptide increased sperm binding to the ZP. In conclusion, diluents containing milk or milk proteins markedly enhanced the number of sperm bound to both equine and bovine ZP.
Introduction
Binding of sperm to the zona pellucida (ZP) plays a crucial role in the process of fertilization. In the oviduct, sperm penetrate the mass of cumulus cells surrounding the oocyte and bind to the ZP, the last physical barrier that sperm must overcome before fertilization. Inability of sperm to penetrate the ZP inevitably results in infertility (Green 1997) . The initial binding of sperm to the ZP is loose but specific receptor-ligand pairing on the surfaces of the sperm head and the ZP leads to tight linkage of the gametes (Yanagimachi 1994) . However, despite intense investigation, the molecular mechanism of sperm binding to the ZP has yet to be determined (He et al. 2003 , Dean 2004 , Hoodbhoy & Dean 2004 .
ZP-binding assays have been used to estimate the fertilizing capacity of sperm in several species. Human sperm binding to homologous ZP highly correlates with male fertility and outcomes of IVF (Liu et al. 1989 , Oehninger et al. 1989 , Gamzu et al. 1994 . In similar experiments, binding ability of sperm to the ZP correlated with fertility of bulls (Fazeli et al. 1993 ), boars (Ivanova & Mollova 1993 , Braundmeier et al. 2004 , and stallions (Fazeli et al. 1995 , Pantke et al. 1995 , Meyers et al. 1996 . However, in the horse, use of ZP-binding assays has been limited because of the scarcity of equine oocytes. Therefore, development of a ZP-binding assay for the horse using heterologous ZP would be a useful tool to study determining elements involved in fertilization.
During natural mating or artificial insemination of mares, semen is deposited within the uterine body, and sperm are transported to the site of fertilization in the oviduct. For some assisted reproductive technologies in the horse, such as gamete intrafallopian transfer (GIFT), sperm are deposited directly into the oviduct, and components of semen extenders may be present during gamete interaction. In the mare, GIFT has been performed in our laboratory using fresh, cooled, and frozen stallion semen (Coutinho da Silva et al. 2002 , 2004 . Pregnancy rates obtained with cooled and frozen semen were significantly lower than those with fresh semen (25, 8, and 82% respectively) . During GIFT with fresh, cooled, or frozen semen, sperm were used raw (no extender) or diluted with skim milk-based extender and lactose-EDTA extender (LAC; Cochran et al. 1984) respectively. We hypothesize that components of semen extenders could be responsible for the reduced pregnancy rates. Therefore, the objectives of this study were to i) determine the suitability of bovine ZP for a ZP-binding assay with stallion sperm and ii) investigate the effects of components commonly used in semen extenders on sperm binding to ZP in vitro.
Results
In Experiment I, stallion sperm bound firmly to both bovine and equine ZP (Table 1 ). In addition, considerably more sperm bound to bovine and equine ZP when sperm were diluted with EZM compared with TALP ( Fig. 1) .
In Experiment II, similar numbers of sperm bound to ZP when LAC, TALP, and Emcare Holding Solution (EHS) were used (Table 2) . However, sperm binding to ZP was significantly higher when sperm were diluted with EZM.
In Experiment III, centrifugation through a Percoll gradient did not affect the number of sperm bound to ZP when sperm were diluted with TALP (Table 3) . Higher number of sperm was bound to the ZP when sperm in EZM were centrifuged and suspended in EZM compared with TALP. However, this effect was negated when sperm in EZM were centrifuged through Percoll and suspended in TALP (EZMCP).
In Experiments IV-A and IV-B, sperm binding to the ZP was significantly higher when sperm were suspended in EZM (Table 4 ). In Experiment IV-A, centrifugation of sperm diluted with EZM with subsequent suspension in TALP eliminated the positive effect on sperm binding to the ZP. In Experiment IV-B, preincubation of ZP in a solution of 10% EZM in TALP (ZP-EZM) did not increase the number of sperm bound to the ZP. Therefore, the number of sperm bound to the ZP was only increased when sperm and ZP are co-incubated in the presence of 10% EZM.
In Experiment V, glucose had no significant effect on the number of sperm bound to ZP (Table 5 ). However, extenders containing milk or milk protein (INRA, EZM, and TSM) caused a significant increase in the number of sperm bound to ZP compared with TALP.
In Experiment VI, milk proteins enhanced sperm binding to ZP (Table 6 ). The number of sperm bound to CG1 was similar to TALP alone. Furthermore, sodium caseinate (SC) and native phosphocaseinate (NP) were more effective in increasing sperm binding than caseinoglycopeptide (CG). There was a significant (P!0.05) ejaculate effect for Experiments I, III, IV-A, V, and VI.
Discussion
With the exception of some cross-species hybrids, the process of fertilization with normal embryo development is highly species specific. However, early events of gamete recognition and binding appear to be less restrictive in some species. Equine sperm are able to bind firmly to ZP of bovine oocytes, undergo the acrosome reaction, penetrate the ZP, and fuse with the ooplasm (Sinowatz et al. 2003) . In contrast, Mugnier et al. (2009) demonstrated that porcine ZP is more selective than equine ZP with fewer stallion sperm binding to porcine vs equine ZP. Based on these results, it appears that bovine ZP supports heterologous sperm binding and would be a better candidate for use in a heterologous ZP-binding assay. Therefore, in Experiment I, we have investigated the use of bovine ZP for a ZP-binding assay using stallion sperm. We observed similar treatment differences in a number of stallion sperm bound to bovine and equine ZP. The number of sperm bound to ZP was approximately fourfold higher for both bovine and equine ZP when sperm were diluted with skim milk-based extender (EZM) than TALP, demonstrating the suitability of bovine ZP for subsequent ZP-binding experiments. Moreover, TALP was used in all subsequent experiments as a control extender because TALP is a chemically defined medium and optically clear.
In this study, salt-stored bovine and equine ZP were used. Yanagimachi et al. (1979) demonstrated that salt storage of oocytes from several species, including humans, preserved various physical and chemical characteristics of the ZP. In addition, Fazeli et al. (1995) demonstrated a relationship between sperm binding to ZP of salt-stored oocytes and stallion fertility. Therefore, storage of oocytes in a salt solution has not affected binding of sperm to ZP. A significant ejaculate effect was observed in Experiments I, III, IV-A, V, and VI, and this effect could be potentially attributed to variation in seminal plasma between ejaculates. However, immediately after collection, seminal plasma was removed by centrifugation, and its concentration was estimated to be !1% in the final sperm sample. In addition, sperm samples were further diluted tenfold during co-incubation with ZP. The ejaculate effect observed in the above experiments was likely due to variations in assay conditions and/or characteristics of ZP, as ejaculates were processed on different days, and multiple batches of ZP were used.
Experiment II investigated the effects of semen extenders previously used for equine GIFT (Coutinho da Silva et al. 2002 , 2004 on sperm binding to ZP. During GIFT, sperm are deposited directly into the oviduct; therefore, seminal extenders could affect gamete interactions. The number of sperm bound to the ZP was threefold higher when sperm were diluted with EZM; LAC and EHS did not affect sperm binding to ZP. This is in contrast with the results obtained after GIFT using sperm diluted with EZM and cooled for 24 h. We obtained similar embryo development rates when cooled sperm diluted in EZM (noncentrifuged) or EHS (centrifuged) were used for GIFT (1/6, 17% vs 3/10, 30%; Coutinho da Silva et al. 2004 ). However, overall pregnancy rates obtained with GIFT using cooled semen (4/16, 25%) were lower than when fresh semen was used (9/11, 82%), suggesting that the reduction in pregnancy rates observed was likely due to differences in the semen used (cooled vs fresh) and not to differences in extenders (EZM vs EHS). In the present experiment, only fresh semen was used, and potentially, changes in sperm during the cooling process could have negated the positive effect of EZM on sperm binding to ZP. Further studies are necessary to determine the effects of cooling on sperm binding to ZP in the presence of milk proteins.
Sperm preparation for assisted reproductive technologies usually involves selection of highly motile sperm and removal of seminal plasma, debris, and contaminants. In the horse, Percoll density gradients have been used to select populations of highly motile sperm (Del Campo et al. 1990 , Carnevale et al. 1999 , Alvarenga & Leao 2002 , Coutinho da Silva et al. 2002 , 2004 , Nie et al. 2003 . Arns & Shepherd (1994) demonstrated that a higher number of sperm bound to equine ZP after centrifugation through a Percoll gradient. The authors concluded that increased sperm binding to ZP was caused by initiation of capacitation during centrifugation through the Percoll gradient. These results are in disagreement with our findings in Experiment III; we observed that centrifugation through Percoll had no effect on sperm binding to ZP. In addition, when sperm diluted in EZM were centrifuged through Percoll and Effects of semen extenders on sperm-ZP binding resuspended in TALP (EZMCP), the positive effect of EZM on sperm binding was negated. The increase in sperm binding observed by Arns & Shepherd (1994) could have been caused by the use of a different medium (Hams F-10) containing 3% (w/v) BSA, which is tenfold higher than the concentration of BSA used in this study. It has been postulated that BSA serves as a cholesterol acceptor, stimulating efflux of cholesterol from the sperm plasma membrane, resulting in changes in plasma membrane fluidity and leading to capacitation (Go & Wolf 1985 , Hoshi et al. 1990 , Gamzu et al. 1997 , Osheroff et al. 1999 , Visconti et al. 1999a , 1999b , 1999c . Therefore, the increase in sperm binding observed by Arns & Shepherd (1994) could be attributed to initiation of sperm capacitation by BSA and not by Percoll.
In Experiments I, II, and III, sperm binding to ZP increased when sperm and ZP were incubated in TALP containing 10% EZM (i.e. 5 ml sperm diluted in EZM were added to 45 ml TALP containing the ZP). When sperm diluted with EZM were centrifuged through Percoll and suspended in TALP (Experiment III), the increase in sperm binding was not observed. Therefore, Experiment IV was designed to determine whether 10% EZM in medium during sperm and ZP interaction was necessary to enhance sperm binding to ZP. In Experiment IV-A, consistent with the previous experiments, sperm binding to ZP was enhanced when sperm and ZP were co-incubated in the presence of 10% EZM. However, the positive effect of EZM on sperm binding was negated when sperm pre-exposed to EZM were suspended in TALP, suggesting that components of EZM were directly affecting sperm-ZP interactions or ZP. In Experiment IV-B, no increase in sperm binding was observed when ZP were pre-exposed to EZM and washed in TALP before assay. Therefore, we concluded that EZM needed to be present during sperm and ZP co-incubation to cause an increase in sperm binding and components of EZM directly affected the interaction of sperm and ZP.
Formulation of EZM was based on Kenney et al.'s (1975) study and consisted of dried skim milk (24 g/l), a high concentration of glucose (272 mM), and antibiotics. Sperm binding to ZP increased in the presence of 10% EZM. Therefore, in Experiment V, TALP was modified to contain a similar concentration of skim milk and increasing concentrations of glucose. In addition, INRA96, an extender that contains only one milk protein, was used. Glucose did not increase sperm binding to ZP. In contrast, a threefold increase in sperm binding to ZP was observed with skim milk-based extenders and INRA. A similar increase in sperm binding to the ZP was observed with EZM and INRA. INRA contains one milk protein, NP; therefore, effects of NP on sperm binding to ZP were investigated.
In Experiment VI, in addition to NP, other milk proteins such as SC and CG were used to modify TALP medium. Incubation of sperm and ZP with TALP containing milk proteins resulted in higher number of sperm bound to ZP compared with controls, except for CG1. SC and NP were more effective than CG in enhancing sperm binding to ZP.
NP is obtained from bovine milk through a process of microfiltration (Pierre et al. 1992) . The structure of NP is a complex casein micelle with calcium phosphate incorporated in the micelle. SC is obtained by precipitation of NP and solubilization of the casein curd. During casein precipitation, the micellar structure is disrupted and the calcium phosphate is depleted. In our study, both the micellar (NP) and the nonmicellar (SC) forms of casein had a positive effect on sperm binding to ZP. These findings suggest that the mechanisms by which caseins affect sperm binding to ZP may be independent of the micelle structure. Batellier et al. (2000) demonstrated the importance of the micelle structure on preservation of stallion sperm motility during storage. Semen was diluted with media containing NP or SC and stored for 7 days at 4 or 15 8C. At 15 8C storage, motility was higher when semen was diluted in media containing NP compared with SC; however, at 4 8C, motility was similar when sperm were stored in media containing NP or SC. Apparently, micelles were partially destroyed at 4 8C (Rollema 1992) , which would explain the lack of protective effect of NP at this temperature. Recently, Bergeron et al. (2007) demonstrated that these casein micelles present in skim milk are responsible for sperm protection during storage of bull semen. The proposed mechanism for sperm protection was that casein micelles sequester seminal plasma proteins that are known to stimulate continuous lipid removal from sperm plasma membrane. Because seminal plasma was largely removed by centrifugation in our study, it is unlikely that the mechanism by which milk proteins enhanced sperm binding to ZP would involve a direct interaction with seminal plasma proteins. In addition, because SC had a similar effect to NP on gamete binding, we suggest that SC could potentially be used as a substitute for NP in semen extenders used to preserve stallion semen during cold storage. The mechanisms by which milk proteins enhance sperm binding to ZP are still unclear. One possible mechanism would involve initiation of sperm capacitation by milk proteins. Pommer et al. (2002) demonstrated that sperm incubated for 3 h in skim milk-based extender vs TALP had a higher intracellular calcium concentration and a higher percentage of cells undergoing the acrosome reaction after treatment with calcium ionophore, A23187, indicating that sperm were undergoing capacitation during incubation in skim milk-based extender. In contrast, Batellier et al. (2000) observed no increase in intracellular calcium concentrations when sperm were incubated in medium containing NP for 24 h. As calcium evaluation was performed only after 24 h of incubation, intracellular calcium concentration could have been elevated and returned to basal levels by 24 h, as described by Nagai et al. (1994) . In our experiment, sperm and ZP were incubated for 2 h in medium containing NP, and an increase in intracellular calcium in sperm could have occurred. In Experiments III and IV, sperm was exposed to NP for w30 min, before being washed and placed in TALP. Short exposure time of sperm to NP could have been insufficient to result in an increase in intracellular calcium in sperm; therefore, no increase in sperm binding to ZP was observed. Our results provide multiple lines of evidence indicating that caseins are the molecules responsible for the dramatic increase in sperm binding to the ZP. Casein sequesters calcium with several binding constants and this characteristic may be highly relevant to the mechanism of facilitating binding, since calcium is often involved with adhesion of molecules. The casein might donate calcium in some subtle way that enhances adhesion during gamete co-incubation. Moreover, caseins may also interact with the sperm glycocalyx directly in ways that might more readily expose the sperm/oocyte receptors, or increase these proteins' sensitivity to the oocyte. Whichever the case is, they might be easily stripped from the sperm by centrifugation through Percoll. Our laboratory is currently investigating the effects of milk proteins on equine sperm capacitation and intracellular Ca 2C concentration in an attempt to elucidate the mechanisms responsible for increased sperm-ZP binding.
In conclusion, treatment responses of stallion sperm binding were similar for both bovine and equine ZP, demonstrating suitability of bovine ZP for a binding assay for stallion sperm. Using this heterologous ZP-binding assay, we demonstrated that presence of milk and milk proteins during gamete interactions resulted in a three-to seven-fold increase in number of sperm bound to ZP. Due to potential differences in ZP characteristics between species, the mechanisms by which milk proteins affect stallion sperm binding to bovine ZP may be different from equine ZP. Therefore, studies on the mechanisms by which milk proteins enhance sperm binding to ZP would require a homologous system. These findings could further contribute to the development of assisted reproduction techniques for the horse, such as GIFT and IVF, as well as to increase our understanding of interactions between sperm and ZP.
Materials and Methods
Unless otherwise stated, all chemicals were purchased from Sigma-Aldrich.
Bovine ZP
Ovaries were recovered from cows at a slaughterhouse and transported to the laboratory in 0.15 M NaCl at 25-30 8C within w5 h of collection. Oocytes were aspirated from follicles with a 20-gauge needle, isolated under a stereomicroscope, and placed in modified Tyrode's medium (TALP; Table 7 ). All oocytes, with or without attached cumulus cells, were used. Oocytes were vortexed at maximum speed for 1-2 min to remove cumulus cells. Denuded oocytes were washed in TALP and stored in hyperosmotic salt solution (1.5 M MgCl 2 , 40 mM HEPES, and 0.1% (w/v) PVP; Yanagimachi et al. 1979) at 5 8C for up to 3 months.
Equine ZP
Ovaries were recovered from mares at an abattoir and transported in saline to the laboratory within w4 h of collection. The antrum of follicles was scraped with a bone curette into HEPES-buffered TCM-199 with Hank's salts (Gibco Life Technologies, Inc.) into a Petri dish. Cumulus-oocyte complexes were identified using a stereomicroscope and placed in culture medium (TCM-199 with Earle's salts (Gibco), 5 mU/ml FSH (Sioux Biochemical, Inc., Sioux Center, IA, USA), 10% (v/v) fetal bovine serum (FBS), and 25 mg/ml gentamicin sulfate). Oocytes were cultured for 24-26 h at 38.5 8C in an atmosphere of 5% CO 2 in air. After maturation, oocytes were denuded of cumulus cells by pipetting in a solution of 0.5% (w/v) hyaluronidase in TCM-199 with 5% (v/v) FBS. Only oocytes without a polar body were used for this experiment. Denuded oocytes were placed in hyperosmotic salt solution (Yanagimachi et al. 1979 ) and stored at 5 8C for up to 4 months.
Stallions and sperm preparation
Semen was obtained from six fertile stallions (A-F) individually housed at the Equine Reproduction Laboratory located at Colorado State University, Fort Collins. Stallions were maintained on a diet of mixed grass and alfalfa hay, vitamin and mineral supplement, and fresh water ad libitum according to the Institutional Animal Care and Use Committee protocols at the Colorado State University. For all experiments, each replicate was performed with sperm from a single stallion, and the semen was used to inseminate ZP within w60 min from collection. After collection, semen was evaluated for motility and sperm concentration. Semen was diluted 1:3 with TALP and centrifuged at 400 g for 5 min. Sperm were suspended with 1 ml of the respective extender containing 35 mg/ml Hoechst 33342 (ICN Biomedical, Inc., Aurora, OH, USA), according to each experiment, and incubated for 15 min at 37 8C. After incubation, sperm were centrifuged at 400 g for 5 min and suspended at 2!10 6 sperm/ml in the respective extenders. Five microliters of sperm suspension were added to 45 ml droplets of medium containing the ZP, resulting in a final concentration of 2!10 5 sperm/ml. Sperm motility for each treatment was determined subjectively immediately before and after co-incubation with the ZP.
Binding assays
Before each experiment, bovine or equine ZP was washed twice and incubated in TALP for at least 1 h at 38.5 8C in an atmosphere of 5% CO 2 in air, except for Experiment IV-B. After incubation, ZPs (nZ10 per droplet) were randomly placed in droplets of 45 ml medium (1 droplet per treatment) to which 5 ml sperm suspension were added. ZP and sperm were incubated for 2 h at 38.5 8C in an atmosphere of 5% CO 2 in air. After incubation, ZPs were washed vigorously in four droplets of TALP using a small-bore, fire-polished, glass pipette to remove loosely bound sperm. ZPs were placed on a glass slide and covered with a coverslip supported by a mix of paraffin and petroleum jelly. ZPs were observed under an epifluorescence microscope (Eclipse E800, Nikon Instruments, Inc., Melville, NY, USA) equipped with a 360/40 nm band-pass excitation filter and a 460/50 nm bandpass emission filter. ZPs were observed under 400! magnification, and the number of sperm bound to ZP was recorded by a single technician, who was blinded as to the treatments.
Experimental designs
Experiment I: use of bovine ZP for ZP-binding assay with stallion sperm Experiment I was designed to investigate the use of bovine ZP for a ZP-binding assay with stallion sperm. Bovine and equine ZPs were inseminated in parallel with semen diluted in TALP (Table 7) or in a skim milk-based extender (EZM; EZ-Mixin CST, Animal Reproduction Systems, Chino, CA, USA). Two ejaculates from each of the two stallions (A and D) were used. On each day of the experiment, semen from a single stallion was diluted with TALP, centrifuged, and suspended in TALP or EZM containing Hoechst 33342 as described earlier. After 15 min incubation at 37 8C, sperm were centrifuged and suspended in the same extender. Bovine and equine ZPs were inseminated with 5 ml sperm suspended in TALP (BOV-TALP and EQ-TALP) 
For TALP, TSM, TGLU, and THGLU, pH was adjusted between 7.3 and 7.4. a INRA 96 (Batellier et al. 1998). or EZM (BOV-EZM and EQ-EZM) and incubated for 2 h at 38.5 8C in an atmosphere of 5% CO 2 in air. After incubation, ZPs were washed and evaluated as described earlier to determine the number of sperm bound to ZP.
Experiment II: effect of semen extenders on sperm binding to ZP Experiment II was designed to investigate the effects of semen extenders used for GIFT on binding of stallion sperm to bovine ZP. Two ejaculates from each of the three stallions (A, B, and C) were used on separate days. Semen was diluted with TALP, centrifuged, and suspended with one of the following extenders: lactose-EDTA (LAC; Cochran et al. 1984) , TALP, EHS (ICP, Auckland, New Zealand), and EZM. Sperm were stained with Hoechst 33342 as described earlier, centrifuged, and suspended to 2!10 6 sperm/ml with the same extender. Sperm (5 ml) were added to the droplets of TALP containing bovine ZP, and the binding assay was performed as described earlier.
Experiment III: effect of centrifugation through Percoll on sperm binding to ZP Experiment III was designed to investigate the effect of sperm centrifugation through a Percoll gradient on sperm binding to ZP. Two ejaculates from each of the two stallions (A and B) were used on separate days. After the initial centrifugation, sperm were suspended in 1 ml TALP or EZM containing Hoechst 33342 and incubated for 15 min at 37 8C. After incubation, sperm diluted in TALP or EZM were washed by centrifugation at 400 g for 10 min (TALP and EZM) or through Percoll (TALPCP and EZMCP). Percoll gradients (90 and 45% (v/v)) were prepared with TALP and 1 ml of each gradient was used. Sperm were resuspended to 2!10 6 sperm/ml with TALP for groups TALP, TALPCP, and EZMCP. In the EZM group, sperm were resuspended with EZM to the same concentration. Sperm (5 ml) were added to the bovine ZP, and the binding assay was performed as described earlier.
Experiment IV: effect of EZM during sperm and ZP interaction Experiment IV was designed to investigate whether exposure of sperm or ZP to EZM before co-incubation would result in an increase in sperm binding to ZP. Two experiments (IV-A and IV-B) were performed. Two ejaculates from each of the two stallions were used for each experiment on separate days. In Experiment IV-A, after the initial centrifugation, sperm were diluted with TALP or EZM and stained with Hoechst 33342. Sperm diluted in TALP were centrifuged and resuspended in TALP. Sperm diluted in EZM were centrifuged and resuspended in TALP (SP-EZM) or EZM. Sperm preparations (5 ml) were then added to the droplets containing bovine ZP, and the binding assay was performed as described earlier.
In Experiment IV-B, bovine ZPs were incubated in TALP alone (TALP and EZM) or TALP containing 10% EZM (ZP-EZM) for w1 h. Before the assay, all ZPs were washed twice in TALP and placed in 45 ml TALP. Sperm were diluted with TALP or EZM, stained, centrifuged, and suspended in the same extender. For groups TALP and ZP-EZM, ZPs were inseminated with sperm diluted with TALP. Sperm diluted with EZM were used for group EZM. Sperm (5 ml) were added to the droplets containing ZP, and the binding assay was performed as described earlier.
Experiment V: effect of milk extenders and glucose on sperm binding to ZP Experiment V was designed to investigate the effects of milk extenders and glucose on sperm binding to ZP. TALP was modified (Table 7) with two concentrations of glucose (TGLUZ89.5 mM and THGLUZ163.5 mM) and with the addition of skim milk (TSMZ2.4 mg/ml of Sanalac (Hunt-Wesson, Inc., Fullerton, CA, USA)). The concentration of skim milk used in TSM corresponded to 10% of the concentration of skim milk found in EZM. In addition, INRA96 (IMV International Corp., Maple Grove, MN, USA) and EZM were used (Table 7) .
Semen from one ejaculate from each of the four stallions (A-D) was centrifuged, suspended in TALP containing Hoechst 33342, and incubated for 15 min at 37 8C. After centrifugation, sperm were suspended in one of the six extenders (TALP, TGLU, THGLU, TSM, INRA, and EZM). Bovine ZPs (nZ10/tx) were placed in 45 ml droplets of TALP, except the TSM group where ZPs were placed in a 45 ml droplet of TSM. Sperm (5 ml) from a single stallion were added to the ZP, and the binding assay was performed as described earlier.
Experiment VI: effect of milk proteins on sperm binding to ZP Experiment VI was designed to investigate the effects of SC, NP, and CG on sperm binding to ZP. NP was provided by Drs Phil Kelly and Brendan O'Kennedy (Teagasc, Dairy Products Research Centre, Moorepark, Ireland). SC and CG were purchased from Sigma Chemical Co. One ejaculate from each of the six stallions (A-F) was diluted with TALP, centrifuged, stained, and resuspended in TALP at 2! 10 6 sperm/ml. Bovine ZPs were washed and incubated in TALP for 1 h at 38.5 8C. After incubation, ZPs (nZ10/tx) were placed in droplets of 45 ml TALP containing no additions (TALP), 1 or 3 mg/ml SC (SC1 and SC3), 1 or 3 mg/ml NP (NP1 and NP3), and 1 or 3 mg/ml CG (CG1 and CG3). Sperm (5 ml) were added to ZP, and binding assays were performed as described previously.
Statistical analysis
Data were analyzed using the Statistical Analysis System software (SAS Institute, Inc., Cary, NC, USA). The droplet containing the ZP for each treatment was considered the experimental unit. The average number of sperm bound to ZP was calculated for each droplet and compared among groups. Data from each experiment were evaluated for homogeneity of variances and transformation was not necessary. Data were analyzed by the ANOVA with treatment and ejaculate in the model. For Experiments I through V, pair-wise comparisons were separated by Tukey's HSD test. In Experiment VI, preplanned comparisons were made by least significant difference (LSD).
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